Immunocastration via vaccination against gonadotropin-releasing hormone (GnRH) is an effective alternative to surgical castration in livestock. In this study, male mice were immunized with eight GnRH peptide derivatives. Two, which exhibited highly significant effects in mice, and one which exhibited the least significant effects were selected for active immunization of 13-month-old bulls. The effects of these GnRH vaccines on sexual development and meat quality in bulls were evaluated by examining testis length, serum hormone and GnRH antibody concentrations, observation of sexual behavior and testicular tissue sections, and evaluation of meat quality indexes. The results indicated that anti-GnRH titers increased rapidly (P < 0.05) and serum follicle stimulating hormone, luteinizing hormone, and testosterone concentrations decreased sharply after booster immunization (P < 0.05), while testis volumes were lower (P < 0.01), testicular growth was arrested and spermatogenesis inhibited in group C GnRH-treated versus control bull groups. Meat quality was not significantly different in immunocastrates relative to bulls in the control group. Our collective results provide a scientific basis to further clarify the mechanisms underlying GnRH-mediated regulation of livestock reproduction, and contribute to the development of an efficient, safe, and reversible immune castration vaccine. Xu et al., 2018, Vol. 99, No. 2 
Introduction
Castration is an effective way to control sexual desire and reproductive capacity of livestock that reduces aggressive and sexual behaviors. It also improves feed conversion, meat, and carcass quality. The meat of sexually mature male pigs often emits an unpleasant odor commonly known as "boar taint" mainly caused by androstenone that has a serious impact on pork quality [1] . Uncastrated bulls and rams are aggressive, and fight each other frequently injuring breeders and leading to poor quality, tough carcass. Thus, castration is an important procedure in the production of high-grade beef. After sexual maturation, cows undergo cyclical estrus, which causes confusion in cattle, results in unplanned pregnancies, and affects fattening [2] .
The most commonly used castration technique involves surgical procedures. However, traditional surgical castration usually causes wound infections, high stress in animals, and increased incidence of mortality, particularly in cases of nonanesthetic surgery, which is against animal welfare, and can threaten the safety of medical staff during the process. The procedure involves complete removal of the testes, which inhibits secretion of some hormones that control early growth and development, resulting in the castrated animal becoming thin and dysplasic, and eventually reducing production performance. Moreover, surgical castration has been unable to adapt to the development of modern intensive farming. Therefore, novel methods that can effectively replace traditional surgical castration in livestock are an urgent need.
Gonadotropin-releasing hormone (GnRH) is a neuropeptide released in a pulsatile manner from the hypothalamus to stimulate secretion of pituitary luteinizing hormone (LH) and follicle stimulating hormone (FSH), which control testicular steroid production [3] . Since these hormones promote normal development of the gonads and sexual organs [4] , it is possible to control animal reproductive organ development and function by regulating secretion of GnRH or interfering with its function. Studies to date have focused on stimulating anti-GnRH in the animal to neutralize endogenous GnRH via active immunization [5] [6] [7] [8] [9] [10] . Vaccination against GnRH is a welfare-friendly technique to control sexual behavior and reproductive capacity shown to effectively enhance animal growth, meat quality, and feed efficiency [11] .
GnRH is a short peptide consisting of 10 amino acid residues with a molecular weight of 1.18 kD that has no immunogenicity. Combination with a macromolecule carrier protein is required for improving the immunogenicity of GnRH. However, immunization of animals with either the GnRH monomer or repeats linked to carrier proteins do not appear to be ideal strategies [12] . Replacement of the 6 th or 10 th amino acid residue of the natural GnRH molecule is reported to effectively elicit anti-GnRH antibodies [13] .
The main purpose of this study was to provide a foundation for the application of a hormone immune castration approach in livestock production and generate data to facilitate development of efficient animal castration vaccines.
Materials and methods

Antigen and vaccine formulations
We designed eight modified GnRH peptides by replacing the glycine residue at position 6 with D-Lysine and enhanced immunogenicity by tandem repetition of the modified GnRH sequence along with flanking Cys residues, insertion of residues promoting α-helix formation, or insertion of residues promoting β-strand formation. The GnRH peptides were synthesized by Shanghai Gil Biochemical Co., Ltd. Scaled 0.5 mg GnRH peptide soluble in 0.5 ml of acetonirtrile and ddH 2 O (1:1 volume ratio) was centrifuged at 2000 g for 2 min at room temperature. Two-microliter samples were collected on the Waters ZQ 2000 and mass spectra were obtained using the MassLynxV 4.0 software. The GnRH derivative peptide sequences are presented in Table 1 , where pE = pyroglutamic acid, -NH 2 = amide and k = D-lysine. Crude peptide was purified and subsequently dissolved in double-distilled water. For conjugation of the peptide via N-ethyl-N-(3 -dimethylaminopropyl) carbodiimide hydrochloride (EDC) to ovalbumin (OVA), equal weights of peptide and carrier protein were dissolved separately in water. The peptide solution was slowly added to the OVA solution with continuous stirring. Next, a 10-fold volume of pure water relative to EDC was slowly added to the peptide/OVA solution, after at least 6 h of slow shaking, which made up the GnRH-OVA complex successful. The average coupling ratio of the GnRH-OVA complex was calculated by the following formula:
The concentration of OVA in the coupling product = (the absorbance value after coupling -0.0044)/0.0013 × the absorbance value of OVA standard protein/the volume of protein sample × 20.
The coupling ratio of the GnRH-OVA complex = [(4 -The concentration of OVA in the product after coupling)/4] × 100% Subsequently, the product was dialyzed, lyophilized, and emulsified in white oil adjuvant, and stored at −20
• C until immunization. 
Animals and immunization
In total, 54 prepubertal male Kunming mice (25-27 g, 4 weeks old) were purchased from the Animal Laboratory Center of Shihezi University and randomly allocated to one of the nine groups of 6. The control group was immunized with normal saline and the remaining eight groups were immunized with one of the eight types of GnRH vaccine ( Table 1 ). The conjugate contained 50 μg peptide per mg carrier protein and was used to immunize animals at 4 weeks of age (0 days post primary vaccination = 0 dpv). A booster injection administered 4 weeks later (4 wpv) employed the same vaccine as was used in the primary immunization. The vaccines were administered intramuscularly in the hind leg. All mice were sacrificed 10 weeks after primary immunization. Twelve 13-month-old bulls were purchased from the Beef Breeding Center of Xinjiang Western Animal Husbandry Company and randomly allocated to one of four groups of 3. The control group was injected with normal saline, while the remaining three groups were immunized with GnRH vaccine types B, C, and G. The conjugate contained 500 μg peptide per mg carrier protein and was used to immunize animals at 13 months of age (0 days post primary vaccination = 0 dpv). The booster injection administered 4 weeks later (4 wpv) used the same vaccine as the primary injection. GnRH vaccine was subcutaneously injected into the necks of bulls. All bulls were sacrificed 10 weeks after primary immunization.
All procedures involving mice and bulls were approved by the Xinjiang Academy of Agricultural and Reclamation Sciences Animal Care and Use Committee.
Sample collection and measurements
Blood samples (2 mL) were collected from the orbital artery of each mouse at the end of the study and 5-mL samples collected from each bull via jugular venipuncture at the start and every 2 weeks thereafter until the end of the study. Blood was allowed to clot for 2 h at ambient temperature. After centrifugation (3000 × g, 15 min), serum samples were frozen and stored at -20
• C until analysis of GnRH peptide antibody titers, as well as LH, FSH, and T concentrations. The testis weights were recorded and the external size of testis measured using a caliper. Body weights of male mice and bull testis lengths were measured from the start until the end of the experiment, and mouse testis weight assessed at the time of sacrifice.
Mouse pituitaries and testes were removed, frozen immediately in liquid nitrogen, transported to the laboratory within 1 h, and stored at -80
• C. RNA was isolated from these tissues to evaluate reproduction-related gene expression. After bulls were slaughtered, samples of longissimus dorsi muscle between the third and fourth lumbar vertebrae (500 g) were collected for assessing beef quality.
Antibody and hormone determination
Serum concentrations of GnRH antibody, LH, FSH, and testosterone were measured using mouse-or bovine-specific ELISA kits (Blue Gene, Shanghai, China). The sensitivities of the assays for mouse GnRH antibody (E03G0463), mouse LH (E03L0021), mouse FSH (E03F0001), and mouse testosterone (E03T0007) were 1.0, 1.0, 1.0, and 0.1 ng/mL, respectively. The sensitivities of the assays for bovine GnRH antibody (E11G0463), bovine LH (E11L0021), bovine FSH (E11F0001), and bovine testosterone (E11T0007) were 1.0, 0.1, 0.1, and 0.1 ng/mL, respectively. Both intra-assay and inter-assay variation coefficients were lower than 7.9%.
Morphologic analysis of testes
Testes for morphologic analysis were collected from GnRH immunized mouse and bovine groups, the right testicles were used, and the epididymides were removed. Tissue samples were fixed in 10% (v/v) buffered neutral formaldehyde and fixed testes were dehydrated in increasing gradients of ethyl alcohol and embedded in paraffin. Sections (5 μm) were cut. Slices were stained with hematoxylin and eosin (HE) and morphologic changes in the testes evaluated under a microscope.
Behavior recording
The sexual and aggressive behaviors of each group were recorded three times daily for 1 week (9 a.m. to 10 a.m., 2 p.m.to 3 p.m., and 7 p.m.to 8 p.m.) 2 weeks before and 2 weeks after the first immunization, and 2 weeks after the second immunization.
Quantitative analysis of messenger RNA expression
Total RNA from mouse pituitaries and testes were extracted using TRIzol reagent according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Quantitative and qualitative analyses of isolated RNA were performed by calculating the ratio of absorbance at 260 and 280 nm and agarose gel electrophoresis. First-stand cDNA was reverse-transcribed using the PrimeScript RT reagent kit with gDNA Eraser (Takara, Dalian, China). Quantitative real-time PCR was performed in triplicate on a Light480 Real Time PCR detection system (Roche Diagnostics, Almere, The Netherlands) with SYBR Green. Primer sequences for amplification of the target and reference genes are listed in Table 2 . PCR cycling conditions were as follows: initial denaturation for 5 min at 95
• C, followed by 45 cycles of denaturation for 10 s at 95 • C, annealing at 58
s, and a final melting curve analysis to monitor the purity of the PCR product. Relative gene expression levels were normalized to those of the eukaryotic housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Outcomes were expressed as fold change relative to average messenger RNA (mRNA) levels of genes in the control group.
Meat quality measurement
All bulls were killed at a local slaughterhouse at the end of the study. After a lairage time of 2-3 h, animals were electrically stunned with tongs before exsanguination. Samples of longissimus dorsi muscle between the third and fourth lumbar vertebrae were obtained at 45 min postmortem to assess shear stress, dry moisture loss, acidity (pH), fat, total protein, and total amino acid contents, and the measurements were according to the methods of Skrlep, Daza, and Martinez [14] [15] [16] . The mean values of three parallel samples were compared for each group.
Statistical analysis
All statistical analysis data were analyzed with the Statistical Analysis System (version 6.12; SAS Institute, Inc., Cary, NC). The differences between groups in terms of anti-GnRH antibody, plasma gonadotropin, and testosterone concentrations were analyzed with the mixed-model ANOVA. Messenger RNA levels, meat quality, and average numbers of sexual and aggressive behaviors, as well as testis and body weights, were analyzed with one-way ANOVA using the general linear models procedure. Data are presented as the mean ± SD. For all statistical analyses, differences were considered significant at P < 0.05.
Results
Preparation of new types of modified GnRH vaccine
We designed eight new types of GnRH peptide derivatives modified by replacing Gly at position 6 of the decapeptide with D-Lys, and reducing peptide degradation, thereby prolonging and enhancing binding affinity with the receptor 100-200 times compared to the parent peptide [17] . In addition, GnRH immunogenicity was enhanced by incorporation of tandem repeats, flanking Cys residues, or inclusion of amino acids with a tendency to form either α-helices or β-strands. The main aim of these modifications was to augment the sensitivity of the immune system to recognize the "non-self" composition and induce a strong immune response to enhance immune castration. The GnRH antigens designed by our group were synthesized by Shanghai Gil Biochemical Co., Ltd (Shanghai, China). The purity of each peptide was obtained using a HPLC instrument (LC3000), which was purchased from Beijing Tong Heng Innovation Technology Co., Ltd (Beijing, China). The purity of each peptide was determined to be >90%. The mass spectra for groups B, C, and G GnRH are presented in Figure 1A -C. The average coupling ratio of the GnRH-OVA complex was 90.89%, which was calculated according to Figure 1D . Above results indicated that the complex could be effectively used for subsequent emulsification of the GnRH vaccine. Vaccine emulsion was observed without stratification after long-term storage at 4
• C, and emulsion droplets on pure water did not spread and demulsify, supporting the stability of the GnRH vaccine for use in subsequent immunization tests.
Preliminary verification of the effectiveness of the new GnRH vaccine in mice
Active immunization with GnRH induces loss of mouse body weight and testis weight
The initial immunization time was recorded as 0 dpv. We observed no significant differences in average body weights between immunized and control mice at 0 dpv (P > 0.05) ( Table 3) . After secondary immunization, body weights of animals in the immunized group were reduced compared to those in the control group. The difference in body weight between the B and control groups was not significant (P > 0.05). Group C mouse body weights at 10 wpv were the most markedly reduced relative to the control group (P < 0.01). Body weight differences between the control and remaining groups were also significant (P < 0.05). Comparison of testis weights of the immunized and control groups after sacrifice revealed no significant differences between A, B, and control groups (P > 0.05). Groups C and G displayed the most significant differences in testis weight compared with the control group (P < 0.01). Differences were also significant between the control and remaining groups (P < 0.05). Our results clearly demonstrate that GnRH immunization has a marked impact on mouse body and testis weights, with a positive correlation between both factors.
The GnRH vaccine effectively increases mouse serum GnRH antibody titer and reduces the hormone content Serum samples were collected from decapitated mice. Serum GnRH antibody titer values are shown in Figure 2B . Mice actively immunized with the GnRH peptide partially produced a detectable immune response. Notably, group C mice produced the highest GnRH antibody response (P < 0.01), followed by group G (P < 0.01).
We observed no significant differences in antibody contents between B and control groups (P > 0.05). Changes in the serum hormone content for each group after active immunization are shown in Figure 2C . LH, FSH, and T concentrations in the control group at the end of the study were 4.91, 14.59, and 3.08 ng/μL, respectively. Among the immunized mouse groups, group C displayed the best immunological castration response. LH, FSH, and T contents in this group of mice were 4.41, 8.19, and 2.02 ng/μL, respectively, which were significantly lower than the corresponding values in the control group (P < 0.05). Control = normal saline (n = 6); A = Two strings (n = 6); B = Two strings with double Cys (n = 6); C = Two strings of α-helices (n = 6); D = Two strings of β-strands (n = 6); E = Four strings (n = 6); F = Four strings with double Cys (n = 6); G = Four strings of α-helices (n = 6); H = Four strings of β-strands (n = 6). Data (control and A-H groups) were expressed as mean ± SD. P < 0.05; * * P < 0.01 vs. the corresponding control group.
Active immunization with GnRH peptide inhibits mouse testicular tissue development
Sectioning and HE staining of mice testis tissue revealed normal testicular seminiferous tubules in the control group. All stages of spermatogenic cells were well developed and a large number of sperm were observed in the lumen ( Figure 2D ). However, development of spermatogenic cells in seminiferous tubules of group C-immunized mice was inhibited, the number of spermatogenic cells was reduced and sparsely arranged, and spermatogenesis in the seminiferous tubules was suppressed ( Figure 2E ), clearly indicating that the C-type GnRH vaccine exerts an effective castration effect after immunization in mice.
GnRH vaccination influences the expression of reproductionrelated genes in mice
The effects of the GnRH vaccine on mRNA expression of pituitary reproductive genes are shown in Figure 2F . Compared with the control group, Fshβ, Lhβ, and Gnrhr expression was significantly downregulated by group C and G GnRH vaccines (P < 0.01). Moreover, gene expression in group C was lower than that in group G. Group B GnRH vaccine induced marked downregulation of Fshβ and Lhβ (P < 0.01), but had no significant effect on expression of Gnrhr (P > 0.05). Data on the effects of the GnRH vaccines on mRNA expression of testis reproduction-related genes are shown in Figure 2G . Expression of Fshr, Lhr, and Shbg in group C testis tissue Expression of testis reproductionrelated genes in each group. " * * " represents highly significant differences (P < 0.01) which was compared to the control group, " * " represents significant differences (P < 0.05) which was compared to the control group.
was significantly lower than that in the control group (P < 0.05). Expression of these genes in group G testis tissue was also downregulated compared with the control, but the level of Fshr was significantly lower (P > 0.05). Lhr expression in group B was lower, while Fshr and Shbg levels were higher relative to the control group.
Effects of the newly modified GnRH vaccines on Holstein bulls Active immunization with GnRH inhibits bovine sexual and aggressive behavior and hinders testis development Control, and groups C and G GnRH antigens were selected to immunize experimental bulls. Each vaccine was administered twice intramuscularly at 4-week intervals. Statistical results of sexual and aggressive behaviors of each group are presented in Figure 3A and B, and the definitions of all behavior parameters are shown in Table 4 . Before the vaccination, the average numbers of sexual and aggressive behaviors did not differ significantly between the control and the treatment groups (P > 0.05). However, the average numbers of sexual and aggressive behaviors was significantly less in groups C and G than in the control group after the first immunization (P < 0.01). An examination of daily behavior after immunization revealed a higher frequency of mounting ( Figure 3C ) and greater aggressiveness (i.e.
fighting) in control animals ( Figure 3D ). Immunized bulls did not display mounting and aggressive behavior, but were mounted by the control animals ( Figure 3E ). The above results suggested that active immunization with GnRH peptides effectively reduces sexual and aggressive behavior in animals. Bovine testis lengths were determined at the start and end of the study, as shown in Table 5 . The perimeter and longitudinal length of groups C and G immunized bovine testes displayed slower growth and remained shorter after immunization (P < 0.01). Our data suggest that group C and G GnRH vaccines effectively block the development of testis, leading to significantly reduced weight. In contrast, we observed no marked differences in testis perimeter and longitudinal length between group B and the control group (P > 0.05). After all bulls were slaughtered, left testicles were collected from the control and C groups, epididymides was removed, and testis size was determined. Group C testes exhibited reduced volume, weight, and a severely wrinkled appearance ( Figure 3F ), clearly demonstrating inhibition of growth and development. These results, combined with the experimental findings in mice, indicate that the group C vaccine containing amino acid residues with a tendency to form α-helices exerts the best immunocastration effect, while no significant effect was evident with group B vaccine containing the flanking Cys residues. Comparison of testis sizes between control and group C bulls. " * * " represents highly significant differences (P < 0.01) which was compared to the control group, " * " represents significant differences (P < 0.05) which was compared to the control group. Table 4 . Definitions of social interactions during continuous recording.
Behavior parameter Definition
Sexual Flehmen The animal raises its head, outstretches its neck, and curls the upper lip, usually after sniffing urine from another animal.
Mount intention
Head and shoulders are raised and the weight is shifted to the rear as if the animal is about to mount, but at least one front hoof remains on the ground. Attempted mount Both front feet simultaneously leave the ground, but the animal does not become firmly positioned on the mountee's rump.
Mount
The animal lifts its forelegs off the ground and rest the chest on the body of another cattle. A mount can be on the rear, head, or side of an animal. Aggressive Bunt
The animal lowers its head, then using the head sharply strikes another animal on the flank, head, neck, or body. Pushing
The animal pushes its head against the head of another animal in a forceful manner.
Fighting
This begins as pushing but is more aggressive with both animals bracing their bodies, often resulting in the animals pushing each other off balance or across the ground.
The GnRH vaccine influences bovine serum GnRH antibody titer and hormone content
We observed no significant differences in serum GnRH antibody levels between the immunized and control groups before the secondary immunization (P > 0.05). The serum GnRH antibody levels in groups C and G began to increase after the second immunization (4 wpv), and these were maintained until the end of the study. Compared with the control group, differences were highly significant (P < 0.01). The arrows indicate the times of immunization ( Figure 4A ). Our data indicate that secondary immunization leads 12.3 ± 0.5 * * a Control = normal saline (n = 3); B = Two strings with double Cys (n = 3); C = Two strings of α-helices (n = 3); G = Four strings of α-helices (n = 3).
P < 0.05; * * P < 0.01 vs. the corresponding control group. The round, square, and triangle lines represent the control group and GnRH peptides with two and four repeats of α-helices, respectively. The arrows represent the immunization time. " * * " represents highly significant differences (P < 0.01) which was compared to the control group, " * " represents significant differences (P < 0.05) which was compared to the control group.
to maintenance of the GnRH antibody for a longer time at higher levels, thus achieving a more effective immune castration effect. We also analyzed changes in bovine hormones after active immunization during the test period. Control group LH and FSH levels were stable with average concentrations of 17.91 and 26.46 ng/mL, respectively. LH and FSH concentrations of group C were significantly reduced after primary immunization (0 dpv) and secondary immunization led to a persistent decrease, compared with the control group, which was maintained at a low level group. The average concentrations were only 13.44 and 21.34 ng/mL, respectively ( Figure 4B and C).
In the control group, serum T concentration increased from 0 dpv (7.71 ng/mL) to 4 wpv (11.72 ng/mL), and was maintained an average concentration of 9.13 ng/mL. The T concentration in group C was significantly lower than that in the control group (P < 0.05), averaging 7.39 ng/mL ( Figure 4D ). Clearly, GnRH immunization significantly inhibited the synthesis and secretion of serum LH, FSH, and T and affected animal reproductive capacity, with secondary immunization causing a more obvious effect. 
Active immunization with GnRH inhibits bovine testicular tissue development
Sectioning and HE staining results disclosed obvious histological changes in bovine testis tissue immunized with group C GnRH vaccine. In the control group, seminiferous tubules were arranged neatly, levels of spermatogenic cells in the lumen were clear, and the number of layers was normal. Spermatogonia were developed into welldeveloped sperm, the number of sperm was increased, and the epithelial tissue had integrity ( Figure 4E ). However, in group C testis tissue, we observed obvious vacuolar degeneration; significant seminiferous tubule epithelium atrophy; and decreased levels of spermatogonia, spermatocytes, and spermatids in the lumen. In seminiferous tubules, we only observed one or two degenerated spermatogonia in the lumen, which was empty. The interstitial tissue was loose, and the number of cells was significantly decreased ( Figure 4F ). Clearly, the group C GnRH vaccine inhibited spermatogenesis in the bull testis, leading to testicular tissue atrophy. Based on these, we conclude that the group C GnRH antigen has good immunogenicity and vaccination with this peptide produces a significant castration effect.
Effect of active immunization with GnRH on bull meat quality
After bulls were slaughtered, we examined beef quality of animals administered group C vaccine, which had the greatest immune castration effect. The test results are shown in Figure 5 . The pH value of group C was 0.08 higher than that of the control group after 24 h acid exclusion ( Figure 5A ), shear stress was 0.36 N lower ( Figure 5B ), dry moisture loss was 5.62% lower ( Figure 5C ), total protein content was 1.49% lower ( Figure 5D ), total amino acid content was 8.73% higher ( Figure 5E ), and fat content was 0.2% lower ( Figure 5F ). The above indices were not significantly different between group C and control animals (P > 0.05). However, the total amino acid content of group C was 8.73% higher than that of the control group, suggesting that the modified GnRH vaccine specifically improved the carcass nutrient level.
Discussion
GnRH is considered a double-edged sword in regulation of the mammalian reproductive system. At normal physiological concentrations, GnRH induces a significant increase in FSH and LH content. However, a large dose of exogenous GnRH can suppress secretion of both gonadotropins, leading to sexual gland atrophy. In recent years, research on active immunization against GnRH has been a significant focus of interest. However, owing to differences in the GnRH antigens used, the results between studies have been inconsistent. The immune effect elicited by combination of the GnRH monomer with a carrier protein as the antigen is reported to be weak [18] . Subsequent use of multiple repeats of the GnRH sequence as the antigen effectively improved immunogenicity [19] . In this study, we designed three types of GnRH antigens by replacing Gly at position 6 of the decapeptide with D-Lys. (1) Two and four repeats of the GnRH monomer were utilized that greatly increased the molecular weight of the antigen, leading to enhanced recognition by the immune system. ( 2) The molecular conformation of the antigen was altered by inserting amino acids that readily form α-helices or β-strands between GnRH monomers, with a view to enhancing immunogenicity. (3) Insertion of flanking Cys residues altered the antigen structure from "linear" to "three-dimensional". The disulfide bond (-s-s-) is a covalent bond formed by oxidation of the sulfhydryl groups of the two Cys residues in the peptide chain, which plays an important role in formation of the three-dimensional structure of protein molecules. In this study, we added Cys to the C-terminal and N-terminal ends of two-string and four-string GnRH antigens simultaneously to form an intrachain disulfide bond, so that the planar single chain peptide altered the three-dimensional structure of the folding peptide. The design principle of the epitope was speculated to enhance the immunogenicity of antigen and immune system recognition. After emulsifying the GnRH antigen and immunizing mice and bovine, serum GnRH antibody titers and hormone concentrations were examined. For the antigen possessing the same number of GnRH monomers, the GnRH vaccine containing amino acids readily forming α-helices produced the best immune castration effect, followed by one containing amino acids that readily form β-strands, while the flanking cysteine-containing vaccine did not exert a castration effect. The GnRH antigen was effectively modified by inserting amino acids that readily form α-helices or β-strands to change their molecular structures, resulting in non-self molecules that are easily recognized by the immune system. Since the castration effect of the flanking Cys residues vaccine was poor, we speculated that the antigen did not form a three-dimensional folding peptide via the intrachain disulfide bond as expected during the synthesis process. The effect of group C was slightly better than that of group G, which had the same conformation type, in contrast to previous findings [20] . Accordingly, we hypothesize that following insertion of amino acids that form α-helices, conformational changes occur not only as a result of superposition of the GnRH monomer but also the effect of its spatial structure. These dual effects of GnRH with four α-helical repeats may hinder the animal blood-brain barrier and ultimately decrease the binding capacity between exogenous GnRH. We also emulsified the vaccine with a white oil adjuvant in this study, which could promote cellular immunity. The storage effect of emulsions at the injection site could prolong the retention time of antigen in vivo and delay its release, leading to enhanced immunogenicity. At the same time, emulsions encapsulate the antigen to protect against rapid decomposition by enzymes, inducing continuous stimulation of the animal body. Moreover, the emulsion induces cell infiltration at the injection site, which promotes aggregation and proliferation of antigen-presenting cells, macrophages, and lymphocytes, thereby enhancing the immune response [21] . To ensure the maintenance of high levels of GnRH antibody in immunized animals, we performed secondary immunization a month after initial immunization. The GnRH antibody content continued to increase after the booster immunization and was maintained at a high level until the end of study.
Our results indicate that secondary immunization facilitates retention of higher serum antibody concentration over longer times and enhances the castration effect, in keeping with the findings of Ferro et al [22] .
Animals immune to exogenous modified GnRH can produce a large number of GnRH antibodies that specifically neutralize endogenous GnRH. In this study, active immunization of mice with GnRH produced a good antibody response, in particular, against the antigen containing amino acids that readily form α-helices, to a significantly higher extent relative to the control group. Our results were in keeping with those of Turkatra et al [23] , who reported a higher level of serum GnRH antibody in boars immunized with the GnRH vaccine. Neutralization of endogenous GnRH would inhibit the synthesis and secretion of LH, FSH, and T, and ultimately lead to gonadal atrophy. In our experiments, the levels of LH and FSH were significantly decreased after immunization with the antigen containing amino acids that readily form α-helices (group C; P < 0.05), accompanied by an increase in GnRH antibody. Active immunization via the neutralization capacity of the GnRH antibody caused a decrease in the GnRH level in the circulation, thus inhibiting stimulation and secretion of gonadotropin. The findings in our study are consistent with the results of Han et al [24] . Testosterone is the most important androgen in male animals, and its biological activity in stimulation and maintenance of the growth and development of reproductive organs, such as epididymis and glandula accessoria, plays an important role in spermatogenesis and all levels of spermatogenic cells differentiation. Secretion of testosterone is mainly controlled by pituitary LH. In our experiments, the T content of mice immunized with group C vaccine was significantly lower than that in the control group, indicating that GnRH immunization significantly affects the function of Leydig cells, in keeping with data obtained on rams and bucks [25, 26] by the group of Ulker. The decrease in LH secretion reduced the response of Leydig cells to LH and resulted in inhibition of T synthesis and secretion. Gonadotropin and testosterone are essential hormones in male gonad development. Active immunization with GnRH inhibited the secretion of these hormones to a marked extent, indirectly suppressing the development of animal gonads and leading to degenerative changes. In our experiments, group C immunized mice gained weight slowly, and testis weight and size were significantly lower than those of the control group. The GnRH derivative vaccine containing amino acids that readily form α-helices effectively reduced mouse testis weight and induced atrophy. Sectioning and HE staining results showed that the group C spermatogenic cells are poorly developed in seminiferous tubules, which contained no sperm. Mice actively immunized with the GnRH vaccine showed a good castration effect, similar to previous reports showing that GnRH active immunization inhibits testis development in mice [27] and male pigs [28] . GnRH is a key signaling molecule of the hypothalamic-pituitary-gonadal axis. GnRH active immunization affected feedback regulation of the hypothalamic-pituitarytestis axis in male animals, prevented spermatogenesis, and achieved a castration effect. In this study, levels of pituitary Gnrhr, Fshβ, and Lhβ were significantly inhibited upon active immunization in groups C and G, indicating that GnRH has a significant effect on Gnrhr, Fshβ, and Lhβ mRNA expression. To exert its biological effects, GnRH requires interactions with Gnrhr. The decrease in Gnrhr mRNA expression may be attributable to reduction of circulating GnRH. GnRH active immunization not only blocked the input of endogenous GnRH to the pituitary but also reduced the number of pituitary GnRH receptors and responsiveness of the pituitary to GnRH. Fshβ and Lhβ mRNA expression levels were significantly downregulated, further confirming that immunization reduced the level of pituitary GnRH receptor and inhibited gonadotropin synthesis and secretion, and finally resulting in delayed gonadal development. FSH and LH secreted by the pituitary were specifically associated with the Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/2/461/4768000 by OUP site access user on 04 October 2018 corresponding gonadal receptors and promoted sex hormone synthesis and gametogenesis. Active immunization with GnRH induced a significant decrease in expression of testis Fshr and Lhr in groups C and G. This finding suggests that GnRH downregulates the number of gonadal Fshr and Lhr receptors by suppressing transcription of the corresponding genes. Suppression of Fshr and Lhr mRNA expression may be due to a decrease in serum FSH and LH hormones after active immunization. These results were consistent with those of Han et al., who showed that a GnRH vaccine reduces the mRNA expression of male pituitary and testicular reproduction-related genes to a significant extent [29] . In addition, expression of sex hormone binding protein (sex hormone binding globulin, Ssbg) in different groups was markedly decreased in groups C and G. This gene is expressed in Sertoli cells and produces a testicular specific androgen binding protein, which is secreted in the testis seminiferous tubules and controls the activity of testosterone. SHBG and androgen had strong binding affinity, regulated the secretion and synthesis of androgen, and affected spermatogenesis, thereby influencing reproductive function. The marked decrease in Shbg expression suggests that the groups C and G GnRH castration vaccines damage Sertoli cells. This finding coincides with our histological results, indicating that the GnRH vaccines of groups C and G effectively inhibit spermatogenesis and testicular development.
We selected group C and G vaccines, which effectively induced castration effects in male mice, for active immunization of bulls, and detected serum GnRH antibody titers. Bulls displayed a good immune response to group C and G vaccines, and GnRH antibody levels were significantly increased, especially after secondary immunization. The antibody level continued to rise and remained high. Clearly, these two types of GnRH vaccine could effectively stimulate the bull immune memory response and induce specific humoral immunity, triggering long-term production of high levels of specific antibodies, consistent with data on bulls reported by Geary et al. [30] . Gonadotropins and testosterone are essential hormones in the development of male animal gonads. In this experiment, serum hormone levels of C and control groups were measured. The average levels of LH, FSH, and T in these two groups were significantly different during the test period. The serum hormone levels in group C were markedly decreased at 2 weeks after first immunization with GnRH vaccine, and gradually increased at 4 weeks. After the booster immunization, hormone levels gradually decreased to the lowest values, followed by a trend of recovery at the end of the test, yet remained significantly lower than those of the control group. After the initial immunization, serum hormone levels were not markedly altered, probably because the initial immune response did not damage the hypothalamic-pituitary axis. The booster immunization induced a significant increase in GnRH antibody. The hypothalamic-pituitary axis was disrupted, producing a significant decrease in serum hormone content. The above results suggest that the castration effect of GnRH is temporary with a time limit, raising reservations about the limitations of using this method to affect gonadal function. Moreover, booster immunization significantly improved the castration effect. A previous study reported that active immunization of bulls with GnRH vaccine reduces secretion of LH, interstitial cells of the LH response, inhibition of T synthesis, and secretion [31] . However, other studies showed that serum GnRH antibody titer and T content were not significantly affected by GnRH immunization [32] . This discrepancy may be related to many factors, such as different test animals, immunization doses, and stages of sexual maturity. Histological examination of testicular sections of immunized group C was obviously diseased, spermatogenic cells were dysplasic, and spermatogenic tubules were spermless. These testicular histological changes were consistent with data obtained from other studies, including pigs [33] and sheep [34] . A number of earlier studies showed that in pigs immunized with a GnRH vaccine, size, perimeter, and weight of testis tissue were significantly reduced [35, 36] . In our investigation, perimeter and longitudinal length of group C bull testes were decreased compared to the control group, and volume of testis was decreased along with obvious shrinkage. The GnRH vaccine caused a decrease in pituitary gonadotropins and delayed gonadal development, resulting in a series of phenotypic changes in the gonad, and ultimately leading to a decrease or even loss of male fertility. Secretion of testosterone was closely related to the aggressive and sexual behavior of male animals. In terms of the daily behavior of bulls after secondary immunization, control group animals showed frequent mounting behavior and often fought with each other, while bulls immunized with the GnRH vaccine showed reduced levels of both mounting and aggressive behaviors. Their sexual desire was decreased and these animals were mounted by others. At the same time, the serum T levels of immunized bulls were significantly lower than those in control group, signifying that male animal aggressive and sexual behaviors are positively related to the serum T concentration. Studies by Rydhmer [37] and Brewster [38] also showed that GnRH active immunization not only reduced the serum T level but also inhibited aggressive and sexual behaviors of boars. The above results suggest that active immunization with modified GnRH peptides is not only useful for safe and efficient castration and simplified production management, but also could reduce male animal sexual and aggressive behavior, provide energy savings to weight gain, and increase feed efficiency to promote animal growth and improve production performance.
In summary, the GnRH antigen altered by inserting amino acids that readily form α-helices had the most effective immune castration effect. Active immunization of male mice and bulls significantly affected testis weight, size, length, serum GnRH antibody and hormone levels, and expression of pituitary and testicular tissue reproductionrelated genes, leading to partial or complete loss of biological activity of testosterone and efficient immune castration, and this effect was further enhanced with secondary immunization. While beef quality was not significant improved. Our data provide a scientific basis for further exploring the mechanisms underlying GnRH regulation of animal reproduction and should facilitate the development of new, efficient, safe, and reversible animal immune castration vaccines.
